Introduction
============

Supramolecular chemistry is one of the most fascinating topics in current research, as it is inspired by highly complex biochemical systems where the efficiency and selectivity of chemical processes are triggered by weak interactions between small subunits. During the last decades, it was successfully extended to non-biological systems. Here, the coordinative bond turned out to be an excellent tool, since it combines the advantages of both covalent bonds and weak interactions: it is relatively strong, but often weak enough to enable dynamic behaviour in solution. Hence, the self-assembly of metal salts and organic linkers has produced a wide variety of metal--organic frameworks (MOFs) on the one hand[@cit1] and discrete nano-sized supramolecules on the other hand.[@cit2] The latter often provide defined inner cavities and can be used *e.g.* as molecular containers.

Recently, we have introduced pentaphosphaferrocene \[Cp^R^Fe(η^5^-P~5~)\] (Cp^R^ = Cp\* = η^5^-C~5~Me~5~; Cp^Bn^ = η^5^-C~5~(CH~2~Ph)~5~; Cp^BIG^ = η^5^-C~5~(4-^*n*^BuC~6~H~4~)~5~) as an outstanding five-fold symmetric organometallic building block and an auspicious alternative to the often used di- or tridentate organic linkers ([Fig. 1a](#fig1){ref-type="fig"}).[@cit3] Astonishingly, under certain conditions the *cyclo*-P~5~ ligand in combination with Cu([i]{.smallcaps}) halides leads to the formation of spheres with fullerene-like topologies or beyond them.[@cit4],[@cit5] The synthesis of such nanospheres is often template-directed, thus, various molecules such as *e.g.* C~60~ [@cit4f] and ferrocene[@cit4d] are encapsulated within these nano-balls. Among all templates, the triple decker complex \[(CpCr)~2~(μ,η^5:5^-As~5~)\] (**1**) is an exceptional case ([Fig. 1b](#fig1){ref-type="fig"}). Together with CuBr, it is incorporated into the 90-vertex host \[{Cp\*Fe(η^5^-P~5~)}~12~(CuBr)~25~(CH~3~CN)~10~\] (host **A**), while, in the case of CuCl, a reproducible cleavage of the template takes place, and the in the free-state unstable molecule \[CpCr(η^5^-As~5~)\] is encapsulated into the slightly smaller 80-vertex sphere \[{Cp\*Fe(η^5^-P~5~)}~12~(CuCl)~20~\] (host **B**) ([Fig. 1c and d](#fig1){ref-type="fig"}).[@cit4d] Both reactions were carried out under similar conditions in a mixture of toluene/CH~3~CN only differing by the nature of the Cu([i]{.smallcaps}) halide applied. Since not only the used Cu([i]{.smallcaps}) halide affects the reaction pathway, but self-assembly processes also strongly depend on the reaction conditions used,[@cit6] the question arose in what way the applied solvent mixtures influence the reaction outcome. Addressing this issue is of general importance since it may open the way for going different pathways within one and the same reaction in supramolecular chemistry.

![(a) Building block \[Cp\*Fe(η^5^-P~5~)\]; (b) template \[(CpCr)~2~(μ,η^5:5^-As~5~)\] (**1**); (c) inclusion of **1** into the 90-vertex sphere **A**; (d) inclusion of the 16VE fragment \[CpCr(η^5^-As~5~)\] generated from **1** into the 80-vertex sphere **B**.](c8sc05471a-f1){#fig1}

Herein, the solvent-dependent self-assembly of the systems containing **1**, \[Cp\*Fe(η^5^-P~5~)\] and CuX (X = Cl, Br) is demonstrated, which mainly depends on the solvent used and only to some extent on the used Cu([i]{.smallcaps}) salt (formation of a 80 or 90 vertex ball). Remarkably, the change of the reaction media from toluene/CH~3~CN to CH~2~Cl~2~/CH~3~CN tunes the self-assembly to the unprecedented nano-bowls **2** with an open fullerene topology. These truncated spheres are able to incorporate the intact triple decker complexes **1**.

Results and discussion
======================

To apply the triple decker complex **1** [@cit7] as a template in the systems \[Cp\*Fe(η^5^-P~5~)\] and CuX (X = Cl, Br), a solution of \[Cp\*Fe(η^5^-P~5~)\] and **1** in CH~2~Cl~2~ is layered with a solution of CuX in CH~3~CN. By using CuCl and CuBr, the products **1\@2a** and **1\@2b** crystallise as dark brown rods in the monoclinic non-centrosymmetric space group *Cc*. The X-ray structure analysis reveals that these crystals represent the novel host--guest complexes \[**1**\]@\[{Cp\*Fe(η^5^-P~5~)}~11~{CuCl}~13.45~\] (**1\@2a**) and \[**1**\]@\[{Cp\*Fe(η^5^-P~5~)}~11~{CuBr}~14.55~\] (**1\@2b**) with an open structure resembling the truncated spheres **B** ([Fig. 2](#fig2){ref-type="fig"}). The 80-vertex scaffold of the spheres **B** contains 12 five-membered P~5~ ligands in a 1,2,3,4,5-coordination mode and 30 six-membered {Cu~2~P~4~} rings, whereas the halide atoms are all terminal, resembling the *I*~h~-C~80~ fullerene structure (Fig. S8[‡](#fn2){ref-type="fn"}). In most cases,[@cit5c] some positions of the CuBr fragments are partly vacant leading to the CuX-reduced scaffolds \[{Cp\*Fe(η^5^-P~5~)}~12~{CuBr}~20--*n*~\] as was found by measuring different crystals from different batches of reaction mixtures.[@cit4b],[@cit5c],[@cit5d],[@cit8]

![(a) Inorganic scaffold of **2**; (b) with the encapsulated template **1** within the scaffold; (c) molecular structure of **1\@2a**. Hydrogen atoms and minor parts of disorder are omitted for clarity; the template is shown as a space-filling model.](c8sc05471a-f2){#fig2}

Surprisingly, in **2a** and **2b**, for the first time, a pentaphosphaferrocene vacancy is observed along with *n* minor vacancies in CuX positions. As a consequence, a {Cp\*Fe(η^5^-P~5~)(CuX)~5~} moiety is formally cut-off when compared to the spheres **B**, leaving the bowl-like truncated spheres \[**1**\]@\[{Cp\*Fe(η^5^-P~5~)}~11~{CuX}~15--*n*~\] (**1\@2a**: X = Cl, *n* = 0.45; **1\@2b**: X = Br, *n* = 1.55) ([Fig. 2](#fig2){ref-type="fig"}). In these unprecedented nano-bowls **2**, the coordination mode of the P~5~ rings on the upper 'bottleneck' part is reduced to a 1,2,3-fashion and the idealized scaffold of the supramolecule consists of 70 vertices (55P + 15Cu) arranged into 11 five-membered P~5~ ligands and 25 six-membered {Cu~2~P~4~} rings ([Fig. 2a](#fig2){ref-type="fig"}). The diameter of the cavity in the truncated sphere therefore amounts to a maximum width of 0.78 nm in the middle of the bowl and 0.61 nm at the bottleneck.[@cit9],[@cit10] The template, with a width of 0.78 nm at the As~5~ deck and 0.62 nm at the Cp deck, respectively, fits perfectly in the host cavity.[@cit10],[@cit11] The cavity is open at the top so that the template with its length of 0.99 nm is allowed to protrude from the 0.79 nm deep host but can be incorporated despite this protrusion ([Fig. 2b and c](#fig2){ref-type="fig"}).

The only comparable open-shelled assembly based on pentaphosphaferrocene observed so far is the nano-capsule \[Cp\*Fe(η^5^-P~5~)\]~2~@\[{Cp\*Fe(η^5^-P~5~)}~9~(CuCl)~10~\]~2~ (host **C**, Fig. S8[‡](#fn2){ref-type="fn"}), consisting of two open host shells each incorporating a \[Cp\*Fe(η^5^-P~5~)\] molecule.[@cit12] However, these shells are weakly bound together to give an isolated closed capsule *via* π-stacking interactions between Cp\* ligands of the guest molecules, as well as by a number of weak non-valent P···P interactions between the P~5~ ligands of the open shells. Therefore, this structure is not related to the ones of **1\@2a,b**.

In the previously reported complex **1\@A**, the triple decker complex **1** forms a similar eclipsed stacking of its Cp rings with the P~5~ ring of the 90-vertex host **A** (3.56 Å).[@cit4d] However, the *cyclo*-As~5~ middle deck of **1** is disordered over three positions due to weak interactions with alternating {Cu(CH~3~CN)~2~} and Br bridges of the middle part of host **A** ([Fig. 1c](#fig1){ref-type="fig"}). The As···Br distances of 4.03--4.58 Å exceed the sum of the van-der-Waals radii (3.68 Å) by far.[@cit10] In contrast, the guest molecule **1** is ordered when encapsulated in the novel nano-bowls **2**. As in **1\@A**, the Cp ligands show an eclipsed orientation towards the *cyclo*-P~5~ rings of the host molecule, indicating π--π host--guest interactions with interplanar Cp···P~5~ distances of 3.50 Å in **1\@2a** and 3.46 Å in **1\@2b** ([Fig. 3a](#fig3){ref-type="fig"}). In the As~5~ middle deck, each As--As edge is arranged parallel to the corresponding *cyclo*-P~5~ ligand of the host (line-to-plane angles deviate by 0.2°--2.4° for **1\@2a** and by 0.2°--1.5° for **1\@2b**). The shortest intermolecular As···P contacts amounting to 3.69--3.94 Å (**1\@2a**) and 3.78--3.89 Å (**1\@2b**) are in the range of normal van-der-Waals contacts (3.65 Å). Therefore, the guest molecule prefers an orientation supported by van-der-Waals interactions, which is the most distant from the inner surface of the host molecule.

![Intermolecular interactions in **1\@2a** and **1\@2b**: (a) host--guest π interactions between the guest molecule **1** and hosts **2** schematically shown as (*cyclo*-P~5~)Cu~5~ shells; (b) inorganic cores **2** forming a σ--π supramolecular synthon based on X···Cp\* interactions (shown in green). Other {Cp\*Fe} fragments are not shown; (c) a column based on π--π host--guest interactions; (d) a packing of host--guest columns in **1\@2a** connected *via* σ--π synthons (b). Hydrogen atoms are omitted for clarity; the template is shown in the space-filling-model.](c8sc05471a-f3){#fig3}

Interestingly, the host--guest interactions are not restricted to the encapsulation of **1** into the cavity of **2**. Each guest molecule protruding from the open bowl further interacts with the Cp\* ligand on the opposite side of the next host--guest assembly **1\@2**, resulting in unprecedented head-to-tail infinite columns ([Fig. 3c](#fig3){ref-type="fig"}). The short intra-column π--π contacts amount to 3.21 and 3.15 Å in **1\@2a** and **1\@2b**, respectively. In contrast, the aforementioned assembly **C** forms a nano-capsule and thus isolates the two guest molecules from extended intermolecular interactions. This behaviour might be exemplary for the future use of such systems to embed special hosts, which are much bigger, to be encapsulated in a complete sphere. Interestingly, another type of intermolecular interactions controls the packing of these columns in the solid state, namely the X···Cp\*-specific interactions of σ--π type, also observed in some packings of other pentaphosphaferrocene-based supramolecules.[@cit13] Every bowl-like supramolecule participates in four supramolecular σ--π synthons with the four neighbouring supramolecules of other chains ([Fig. 3b and d](#fig3){ref-type="fig"}). The geometry of the σ--π synthons is in agreement with the previously reported examples and amounts to 3.48--3.55 Å (**1\@2a**) and 3.54--4.13 Å (**1\@2b**) for X···Cp\* contacts and to 155.7°--157.0° (**1\@2a**) and 158.8°--160.5° (**1\@2b**) for Cu--X···Cp\* angles. The earlier-noticed tendency of heavier halogens to form more obtuse angles is also valid here.

This bowl-like scaffold is observed for the first time and demonstrates that the formation of pentaphosphaferrocene-based host molecules is indeed template-directed.

Compared to \[CpCr(η^5^-As~5~)\]@**B**, the nano-bowls **1\@2** are less soluble in CH~2~Cl~2~. The Br compound **1\@2b** is slightly more soluble in CHCl~3~ than in CH~2~Cl~2~, still the detection of the guest complex **1** by solution NMR spectroscopy was hampered. Therefore, both compounds **1\@2** were investigated in the solid state by magic angle spinning (MAS) NMR spectroscopy. In the ^1^H MAS NMR spectra, a signal at 21.3 ppm is assigned to the triple decker complex **1** encapsulated in the bowl-like hosts **2**. Compared to free **1** (23.8 ppm),[@cit4d] the signal is shifted to higher field upon encapsulation. This effect has previously been observed for the chemical shifts of various other templates in pentaphosphaferrocene-based host systems,[@cit4b],[@cit4d]--[@cit4g] especially for the encapsulation of **1** into the 90-vertex sphere **A**, resulting in a similar chemical shift of 20.5 ppm.[@cit4d] Moreover, two signals at 1.4 ppm and 6.7 ppm (6.8 ppm for **1\@2b**) can be assigned to the Cp\* protons of the host, partially low-field shifted due to their proximity to the paramagnetic guest complex. Additionally, signals of low intensities can be observed in the ^1^H MAS NMR spectra, with chemical shifts of about 16 ppm and --13 ppm for both compounds **1\@2**. For **1\@2b**, the ^31^P{^1^H} MAS NMR spectrum shows two broad signals at 126 ppm and 70 ppm, which are due to different coordination spheres of the \[Cp\*Fe(η^5^-P~5~)\] complex within the host **2b**. For **1\@2a**, the ^31^P{^1^H} chemical shifts are similar and amount to 125 ppm and 74 ppm.

The products **1\@2** are well soluble in pyridine, resulting in a fragmentation of the hosts. Hence, in the ^1^H NMR spectra in pyridine-d~5~, a singlet at 23.9 ppm (24.0 ppm for **1\@2b**) is detected corresponding to the free complex **1**, next to a singlet at 1.33 ppm assigned to free \[Cp\*Fe(η^5^-P~5~)\]. The presence of the latter is confirmed by the detection of a singlet at 150.5 ppm in the ^31^P{^1^H} NMR spectra.

Thus, the previously reported cleavage of the triple decker complex **1** in the \[Cp\*Fe(η^5^-P~5~)\]/CuCl system is not observed when performing the reaction in CH~2~Cl~2~/CH~3~CN *in lieu* of toluene/CH~3~CN, but instead the novel nano-bowls **1\@2** were obtained.

These results motivated us to revisit the reaction of \[Cp\*Fe(η^5^-P~5~)\] with CuCl and **1** in toluene/CH~3~CN. Crystals of \[CpCr(μ,η^5^-As~5~)\]@\[{Cp\*Fe(η^5^-P~5~)}~12~(CuCl)~20~\] (\[CpCr(μ,η^5^-As~5~)\]@**B**) were obtained by a slightly altered synthetic method: before being layered with a CuCl solution in CH~3~CN, the toluene solution of \[Cp\*Fe(η^5^-P~5~)\] and **1** was sonicated and filtered. Both steps proved to be crucial due to the low solubility of crystalline **1** in toluene. The crystals of the product were isolated by washing with toluene/CH~3~CN (1 : 1), since they can be redissolved in CH~2~Cl~2~/CH~3~CN (2 : 1, previously reported method)[@cit4d] and were investigated by EPR spectroscopy. The spectrum clearly showed a half-field line indicating the presence of a triplet molecule that agrees well with the calculated triplet ground state for the encapsulated 16 VE \[CpCr(η^5^-As~5~)\] molecule.[@cit4d] In contrast, these signals were observed neither in the EPR spectrum of the intact 27 VE triple decker complex **1** nor in the EPR spectrum of the crystals of **1\@2a** obtained from the CH~2~Cl~2~/CH~3~CN reaction, which reconfirms the cleavage of the triple decker complex **1** when toluene/CH~3~CN is used as reaction medium. Additionally, according to the ^1^H NMR spectrum, the triple decker complex **1** itself stays intact when its toluene solution is sonicated and filtered, suggesting that the cleavage of **1** only occurs during the reaction with \[Cp\*Fe(η^5^-P~5~)\] and CuCl and is not induced by the sonication.

Moreover, NMR spectroscopy of the crystalline product \[CpCr(μ,η^5^-As~5~)\]@**B** was carried out in solution, since it can sparingly be dissolved in CD~2~Cl~2~. Here, two broad signals at 120 ppm and 69 ppm in the ^31^P{^1^H} NMR spectrum as well as a signal at 19.8 ppm in the ^1^H NMR spectrum were detected, which can be assigned to \[CpCr(η^5^-As~5~)\]@**B**.[@cit4d] This demonstrates that \[CpCr(η^5^-As~5~)\]@**B** is quite stable in a CH~2~Cl~2~ solution. On the other hand, a sharp singlet at 151.5 ppm in the ^31^P{^1^H} NMR spectrum can tentatively be assigned to free \[Cp\*Fe(η^5^-P~5~)\]. In the ^1^H NMR spectrum, also a signal at 21.3 ppm is observed, which may be assigned to the intact triple decker complex **1** encapsulated in the CuCl analogue of the host **A** (for the CuBr analogue **1\@A**: 20.5 ppm, free **1**: 23.8 ppm)[@cit4d] or in a nano-bowl **2a** (**1\@2a**: 21.3 ppm, *vide supra*). Since the latter compound has a similar size and shape as \[CpCr(η^5^-As~5~)\]@**B**, a cocrystallisation of both compounds cannot be completely excluded. In both cases, in the ^31^P{^1^H} NMR spectrum, the expected signals for the hosts (CuCl analogue of host **A**: 68 ppm,[@cit4g] host **2a**: 125 ppm and 74 ppm, *vide supra*) would overlap with the signals of host **B**, so no further conclusion can be drawn. In pyridine, crystals of \[CpCr(μ,η^5^-As~5~)\]@**B** are well soluble again resulting in a fragmentation of the hosts and subsequent release of the guest molecules. Hence, in the ^31^P{^1^H} NMR spectrum, solely a singlet at 147.2 ppm is detected, assigned to free \[Cp\*Fe(η^5^-P~5~)\]. In the ^1^H NMR spectrum, in pyridine-d~5~, a signal at 23.9 ppm is assigned to the free triple decker complex **1**, whereas a very broad signal at approximately 6 ppm is also detected and might be assigned to subsequent products formed by the conversion of the released unstable complex \[CpCr(η^5^-As~5~)\]. These results are also in line with a cocrystallisation of \[CpCr(μ,η^5^-As~5~)\]@**B** and **1\@2a** in the toluene/CH~3~CN reaction.

Conclusions
===========

In summary, different pathways of self-assembly in the system \[(CpCr)~2~(μ,η^5:5^-As~5~)\]/\[Cp\*Fe(η^5^-P~5~)\]/CuX (X = Cl, Br) were addressed and the crucial role of the used solvents was demonstrated. The previously reported **1**/\[Cp\*Fe(η^5^-P~5~)\]/CuCl system in toluene/CH~3~CN was revisited and the cleavage of the triple decker **1** and the encapsulation of the resulting unstable 16 VE complex \[CpCr(η^5^-As~5~)\] into a 80-vertex sphere (**B**) were proven by EPR and solution NMR spectroscopy. By changing the solvent mixture toluene/CH~3~CN to CH~2~Cl~2~/CH~3~CN, unprecedented open shell bowl-like host molecules incorporating the triple decker complex **1** were obtained irrespective of the nature of the halogen: \[**1**\]@\[{Cp\*Fe(η^5^-P~5~)}~11~{CuX}~15--*n*~\] (**1\@2a**: *n* = 0.45; **1\@2b**: *n* = 1.55). They resemble truncated fullerene-like 80-vertex spheres **B**. Due to the opening in the hosts, the guest molecules can be trapped despite their protruding from the opening and still participate for the first time in π interactions not only with their own hosts, but also with the neighbouring host molecules. Thus, the supramolecular π--π columns formed in the solid state are further connected into a 3D supramolecular assembly by a system of σ--π synthons. These results do not only nicely demonstrate that supramolecular self-assembly strongly depends on the conditions applied, but also prove that the formation of spherical assemblies in the \[Cp\*Fe(η^5^-P~5~)\]/CuX system is template-directed. Investigations regarding the transferability of these results to other triple decker complexes and guest molecules as templates are currently under way.
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